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Synechocystis sp. PCC 6803Wecharacterized certain physiological functions of cyanobacterialmonoglucosyldiacylglycerol using a Synechocystis
sp. PCC6803mutant inwhich the gene formonoglucosyldiacylglycerol synthase had beendisrupted and its function
complementedby inclusion of anArabidopsismonogalactosyldiacylglycerol synthase gene. By using thismethod,we
prepared the ﬁrst viable monoglucosyldiacylglycerol-deﬁcient mutant of cyanobacterium and found that
monoglucosyldiacylglycerol is not essential for its growth and photosynthesis under a set of “normal growth condi-
tions” when monogalactosyldiacylglycerol is adequately supplied by the Arabidopsismonogalactosyldiacylglycerol
synthase. Themutant had healthy thylakoidmembranes and normal pigment content. Themembrane lipid compo-
sition of the mutant was similar with that of WT except lack of monoglucosyldiacylglycerol and a slight increase in
the level of phosphatidylglycerol at both normal and low temperatures. However, the ratio of unsaturated fatty acids
in monogalactosyldiacylglycerol and digalactosyldiacylglycerol was reduced in the mutant compared with WT.
Although the growth of the mutant was indistinguishable with that of WT at normal growth temperature, it was
markedly retarded at low temperature compared with that of WT. Our data indicated the possibility that
cyanobacterial monogalactosyldiacylglycerol-synthesis pathway might be required for the adequate unsaturation
level of fatty acids in galactolipids and affect the low-temperature sensitivity.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Monogalactosyldiacylglycerol (MGDG) synthetic pathways are es-
sential for oxygenic phototrophs because MGDG is the major glycolipid
in their photosynthetic membranes. In chloroplasts and cyanobacteria,
the thylakoid membranes mostly contain MGDG [1]. However, the
MGDG synthetic pathways in cyanobacteria and higher plants are
quite different [2,3]. Higher plants use UDP-galactose and diacylglycerolGDG, digalactosyldiacylglycerol;
uinovosyldiacylglycerol; PG,
oglucosyldiacylglycerol; MGlcD,
xatriene
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imojima).
. Open access under CC BY-NC-ND licto synthesize MGDG via an MGDG synthase (MGD), an enzyme that is
not present in cyanobacteria. Instead, monoglucosyldiacylglycerol
(MGlcDG) synthase (MGlcD) is found in cyanobacteria, and MGlcDG is
synthesized from UDP-glucose and diacylglycerol as an intermediate
in MGDG synthesis [3]. MGlcDG is epimerized to produce MGDG by an
epimerase which has been not identiﬁed [3]. Under normal growth
conditions, the amount of MGlcDG in cyanobacteria is b1% of total
membrane lipid. However MGlcDG accumulates when Synechocystis
sp. PCC 6803 is heat stressed [4,5]. MGlcDG contains highly saturated
fatty acids (FAs), and the saturated FA content in MGlcDG increases
upon heat-shock [4,5]. MGlcDG appears to strongly interact with the
heat-shock protein HSP17 [4]. In Synechocystis, heat-shock proteins,
e.g., HSP17 and chaperonins, appear to regulate thylakoid-membrane
ﬂuidity, and MGlcDG appears to stabilize thylakoid membranes against
heat stress by interacting with HSP17 [6,7]. However, the physiological
functions of MGlcDG are still not well established, in part possibly be-
cause mutant cyanobacterial strains carrying a deleted MGlcD gene
(Δmglcd) could be not viable because of its involvement in MGDGense.
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herein,we produced a Synechocystismutant inwhich the cyanobacterial
MGDG-synthesis pathway is disrupted and Arabidopsis MGD1
is expressed ectopically and analyzed the importance of MGlcDG-
mediated MGDG synthesis in cyanobacteria.
2. Material and methods
2.1. Growth conditions for bacterial strains
Escherichia coli was grown at 37 °C in LB medium. The glucose-
tolerant WT Synechocystis sp. PCC 6803 strain [10,11] was used to gen-
erate the mutant contained a disrupted SynechocystisMGlcDG synthase
gene and a plasmid carrying the Arabidopsis thalianaMGDG synthase 1
gene (AtMGD1) (MGD1-CP). All strains were grown at 30 °C in BG-11
medium under continuous ﬂuorescent white light at an intensity of
~30 μmol photons m−2 s−1with orwithout an antibiotic(s) as indicat-
ed below. We designated the aforementioned conditions as “normal
growth conditions”. For isolation of MGD1-CP, 15 μg/ml kanamycin
and 5 μg/ml gentamycin were added to the medium. For physiological
analyses of WT and MGD1-CP, both antibiotics were removed from
the medium.
2.2. Construction of expression plasmids and their transformation into
Synechocystis sp. PCC6803
The N-terminal and C-terminal regions ofmglcdwere PCR ampliﬁed
with the two sets of primers (mglcd_F1 and mglcd_R1, mglcd_F2 and
mglcd_R2) shown in Supplemental Table 1 using pPICT2::mglcd as a
template [2]. The two PCR products were cloned into a pBluescript SK
(+) vector (Stratagene) with a kanamycin-resistance (KmR) cassette
isolated from pUC4-KIXX (Amersham Pharmacia Biotech). This recom-
binant plasmid was transformed into Synechocystis sp. PCC 6803.
The AtMGD1 gene without the transit-peptide sequence [12] was
PCR ampliﬁed using the primers (AtMGD1_F and AtMGD1_R) shown in
Supplemental Table 1 with A. thaliana genomic DNA as the template.
PCR-ampliﬁed AtMGD1was cloned into a pZErO-2 vector (Invitrogen),
and the EcoRI-XhoI fragment was then excised as a construct suitable
for insertion into the EcoRI-XhoI site in the broad-host-range plasmid
pSL1211 (Gmr) [13] to generate pSL1211::AtMGD1. The plasmid was
transferred from E. coli strain S17-1 [14] into Synechocystis sp. PCC
6803 by conjugation [15].
Genotyping of strains was performed by PCR using two sets of the
primers. Complete disruption of mglcd genomic genes by insertion of
KmR cassette in Synechocystis genomic DNA were checked by PCR
using a primer set of mglcd_F and mglcd_R as shown in Supplemental
Table 1. Existence of pSL1211::AtMGD1in the Synechocystis cells was
conﬁrmed by PCR using a primer set of pSL1211::AtMGD1_F and
pSL1211::AtMGD1_R.
2.3. Monitoring growth rate and characterization of photosynthetic
parameters
The growth rate and photosynthetic parameters were measured
using cells grown in the absence of antibiotics. The photosynthetic pa-
rameters were measured with a MINI PAM instrument (Heinz Walz)
as described [16]. The stable level of ﬂuorescence was determined
after actinic-light illumination for 10 min (200 μmol photon m−2 s−1).
2.4. Measurement of chlorophyll and carotenoids
Pigments were extracted with 100% methanol from freeze-dried
Synechocystis cells. Chlorophyll and carotenoid contentswere calculated
as described [17,18].2.5. Glycolipid synthesis activity assay
Glycolipid synthesis activities were assayed as described [2]. Radio-
labeled lipids were separated by one-dimensional TLC in chloroform/
hexane/isopropanol/tetrahydrofuran/water (50:100:80:1:2, v/v/v/v/v)
and were detected by imaging (STORM860, Molecular Dynamics) or a
liquid scintillation counting (LS 6500, Beckman).2.6. Lipid analysis
Total lipid was extracted as described [19]. Lipids were separated by
two-dimensional TLC with chloroform/methanol/7 M ammonia
(15:10:1, v/v/v) in the ﬁrst dimension and chloroform/methanol/acetic
acid/water (170:20:17:3, v/v/v/v) in the seconddimension. Detection of
lipids andmeasurement of membrane-lipid content were performed as
described [20].2.7. Measurement of thylakoid membrane thermostability
In vivo photosynthesis activity was monitored by a Clark-type oxy-
gen electrode (Oxygraph system) under 1500 μmol photons m−2 s−1
(Lunminar Ace, LA-150SX, HAYASHI). Synechocystis cells grown at
30 °C were incubated at various temperatures for 30 min in the dark.
O2 evolution was measured at 30 °C on vigorously stirred BG-11
medium containing cell samples with 5 μg chlorophyll/ml.2.8. Measurement of thylakoid membrane ﬂuidity
Thylakoidmembraneswere isolated from Synechocystis cells. The cells
in 1 mM HEPES (pH 7.5) containing 10 mM KCl and 0.1 M sorbitol [21]
were broken with 0.1 mm zirconia/silica beads (BioSpec) and a Mini
Beadbeater (Wakenyaku). Next, thylakoid membranes were isolated by
centrifugation at 20,000 ×g for 30 min [22]. Thylakoid membrane sam-
ples in PBS (pH 7.4) (3 ml of 3 μg chlorophyll/ml) were labeled with
1,6-diphenyl-1,3,5-hexatriene (DPH) (0.2 μM) [23] for 1 h on ice in the
dark. These membranes labeled with DPH were incubated at 15 °C for
10 min in the dark, and then, the ﬂuorescence anisotropy of the labeled
membraneswas determined using aHitachi F-2700ﬂuorescence spectro-
photometer between 15 °C and 50 °C. The anisotropy values were calcu-
lated as described [24]. The excitation and emission wavelengths were
360 nm and 430 nm, respectively, and the slit width was 20 nm.2.9. Microscopy
The cells were collected by centrifugation and ﬁxed in 2% paraformal-
dehyde and 2% glutaraldehyde in 100 mM phosphate buffer, pH 7.2 and
then postﬁxed in 2% osmium tetroxide in the same buffer. Samples
were dehydrated in a graded series of ethanol, and then embedded in
epoxy resin (Quetol 651 mixture, Nissin EM). The ultrathin sections
were stained with uranyl acetate followed by lead citrate solution.
These sections were observed with a transmission electron microscopy
(TEM) (H-7500, Hitachi) at an accelerating voltage of 80 kV.2.10. Real-time RT-Quantitative PCR (RT-qPCR)
Total RNAwas extracted from Synechocystis cells with acidiﬁed phe-
nol and SV Total RNA Isolation System reagents (Promega). Reverse
transcription was performed using PrimeScript RT reagents (Takara).
Then, RT-qPCR was carried out with SYBR Premix Ex Taq II (Takara)
with a Thermal cycler Dice Real Time System (TP800, Takara). The
RNase P subunit B gene (rnpB) was used as the housekeeping gene.
The primers used for RT-qPCR are shown in Supplemental Table 1.
Fig. 1. Construction of the Synechocystis sp. PCC 6803mutantMGD1-CP. A. PCR used to determine the genotype of themglcd locus (sll1377) inWT andMGD1-CP. B. PCR used to determine
the presence of the plasmid containing AtMGD1.
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3.1. Complementation of the cyanobacterial MGDG synthesis pathway by
Arabidopsis MGDG synthase 1
To clarify the physiologicalmeaning(s) of the cyanobacterialMGDG-
synthesis pathway, an MGlcDG-deﬁcient Synechocystis sp. PCC 6803
mutant (Δmglcdmutant) lacking onlyMGlcDG and notMGDGwas con-
structed by inserting a kanamycin-resistance (KmR) cassette intomglcdFig. 2. Glycolipid synthesis activity in each Synechocystis sp. PCC 6803 strain. A. Measure-
ment of MGlcD activity in the membrane fractions. The values represent the mean ± SD
of three independent experiments. *, P b 0.01, Student's t-test (WT vs. MGD1-CP). B.
Radiolabeled MGlcDG and MGDG were separated by TLC and visualized by autoradiogra-
phy. Radiolabeled UDP-galactose (+UDP-Gal) and UDP-glucose (+UDP-Glc) were used
as substrates. Cucumber MGD (pET24b::CsMGD) andWTMGlcD (pET24b::MGlcD) served
as controls for MGDG and MGlcDG activities, respectively.(encoded in sll1377) (Fig. 1A) and then by incorporating AtMGD1 gene
(Fig. 1B). The modiﬁed Δmglcd mutant, denoted MGD1-CP, was
screened for kanamycin and gentamycin resistance and then conﬁrmed
the existence of AtMGD1 by PCR (Fig. 1B). Because a Synechocystis cell
contains ~10 copies of chromosomal DNA [25], we veriﬁed by PCR
that all copies of mglcd had been disrupted in MGD1-CP (Fig. 1A). In
WT Synechocystis, a ~1.5-kb DNA fragment was ampliﬁed using a prim-
er set formglcd. For MGD1-CP, a ~2.8-kb DNA fragment was ampliﬁed,
which showed that all copies of mglcd were disrupted by insertion of
the KmR cassettes.
Next, we measured MGlcD activity using the membrane fractions
from the WT and MGD1-CP strains with UDP-glucose as the substrate.
MGlcD contains a transmembrane domain, and its activity is found in
the membrane fraction of Synechocystis [2,5]. MGlcD activity was
dramatically decreased in MGD1-CP (Fig. 2A). MGlcDG and MGDG
were isolated and separated by TLC (Fig. 2B). MGlcDG was not isolatedFig. 3. Lipid compositions of WT and MGD1-CP membranes. Cells were grown at 30 °C in
BG-11 medium. +Glc, cells grown at 30 °C in BG-11 medium supplemented with 5 mM
glucose. The values represent the mean ± SD of three independent experiments. N.D.,
not detected. DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol;
PG, phosphatidylglycerol.
Fig. 4. Phenotypes ofWT andMGD1-CP under normal growth conditions. A. Growth rates
for WT and MGD1-CP. Growth rate was measured in cultures that did not contain antibi-
otics. The cellswere grown in BG-11medium at 30 °C under continuousﬂuorescentwhite
light at an intensity of ~30 μmol photons m−2 s−1. The values represent the mean ± SD
of three independent experiments. B. Electron micrographs of WT and MGD1-CP cells.
White arrowheads indicate thylakoid membranes. Scale bars, 500 nm. C. The amounts of
chlorophyll a and total carotenoids in WT and MGD1-CP. The pigments were extracted
from cells grown as described above. The values represent the mean ± SD of three
independent experiments.
Table 1
Chlorophyll ﬂuorescence parameters for WT Synechocystis sp. PCC 6803 and MGD1-CP.
Chlorophyll ﬂuorescence parameters represent the mean ± SD of three replicates. qP,
photochemical quenching; NPQ, non-photochemical quenching.
WT MGD1-CP
Fv/Fm 0.53 ± 0.01 0.52 ± 0.00
qP 0.60 ± 0.04 0.66 ± 0.04
NPQ 0.19 ± 0.03 0.22 ± 0.03
φII 0.30 ± 0.02 0.31 ± 0.02
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pathway was disrupted.
To conﬁrm if AtMGD1 was ectopically expressed and functional in
Synechocystis, MGD activity was measured using the soluble fraction
from each strainwith UDP-galactose as the substrate (Fig. 2B). The reac-
tion products were isolated by TLC. Cucumber (Cucumis sativus) MGD
andWT extract served as the positive and negative controls, respective-
ly. MGDG was synthesized in MGD1-CP, which showed that AtMGD1
functioned in the mutant and that the cyanobacterial MGDG synthesis
pathway could be replaced in vivo.
3.2. Lipid composition of the MGlcDG-deﬁcient mutant
The amount of MGlcDG in each strain was quantiﬁed (Fig. 3).
MGlcDGwas not detected inMGD1-CP. InWT grown in BG-11medium
at 30 °C (normal growth conditions), the amount ofMGlcDGwas ~1% of
total lipid. The amount ofMGlcDGhas been shown to increasewhenWT
is grown in BG-11, 5 mMglucose [26]; therefore, we also quantiﬁed the
MGlcDG content in WT and MGD1-CP grown in glucose-containing
BG-11 medium (Fig. 3, WT, +Glc, MGD1-CP, +Glc). Again MGlcDG
was not detected in MGD1-CP, although its content increased in WT.
As for the other lipids, the amount of phosphatidylglycerol (PG) in
MGD1-CP was relatively higher than that in WT.Fig. 5. Susceptibility of photosynthetic oxygen-evolving activity inWT andMGD1-CP cells
to temperature. Cells grown at 30 °C andA. kept at 30 °C or B. exposed to 42 °C for 3 h (HS,
heat-shocked) were incubated for 30 min in the dark at designated temperatures (30, 38,
44, 47, and 48 °C). Then their photosynthetic oxygen-evolving activitiesweremeasured as
described in Material and methods. For each strain, the activity was calculated relative to
that after incubation at 30 °C for 30 min. The values represent the mean ± SD of three
independent experiments. *, P b 0.01, Student's t-test. A and B. Dark-gray asterisks,
MGD1-CP vs. WT; B. magenta asterisks, heat-shocked WT vs. non-heat-shocked WT;
orange asterisk, heat-shocked MGD1-CP vs. non-heat-shockedWT.
Fig. 6. Fatty acid compositions of membrane lipids and the expression level of desD inWT andMGD1-CP. A–E. Fatty acid compositions ofWT andMGD1-CPmembrane lipids. A. MGDG, B.
DGDG, C. SQDG, D. PG and E. MGlcDG (in WT). Cells were grown under normal conditions. The values represent the mean ± SD of three independent experiments. DGDG,
digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol. F. WT and MGD1-CP were grown under normal conditions. Then the cells were kept at
15 °C for 0 h, 12 h or 24 h. WT and MGD1-CP desD expression levels were normalized to those of rnpB in the same samples. The expression levels were then calculated relative to the
level for WT cultured at 15 °C for 0 h. The values represent the mean ± SD of three independent experiments. *, P b 0.05, Student's t-test (MGD1-CP vs. WT).
Fig. 7. Fluorescence anisotropy of DPH in thylakoid membranes isolated from WT and
MGD1-CP cells. Thylakoid membranes were isolated from WT and MGD1-CP cells
grown under normal conditions. *, P b 0.01, Student's t-test. The values represent the
mean ± SD of three biological replications.
479Y. Yuzawa et al. / Biochimica et Biophysica Acta 1841 (2014) 475–4833.3. Inﬂuence of MGlcDG deﬁciency on cell growth, thylakoid-membrane
development, and photosynthetic activity
MGDG is essential for thylakoid-membrane development in higher
plants [8,27]. An MGD1-null Arabidopsismutant, which produces almost
no MGDG, has dwarf and albino phenotypes, and the development of its
thylakoid membranes is almost completely perturbed [8]. To examine
the effect of MGlcDG deﬁciency on photosynthesis in Synechocystis, we
monitored the growth rates ofWT andMGD1-CP (Fig. 4A). Under normal
growth conditions, despite the lack of MGlcDG, the growth rates of the
strains were the same, and thylakoid-membrane development was simi-
lar in both strains (Fig. 4B). The amounts of chlorophyll a and total carot-
enoids were the same within experimental error in WT and MGD1-CP
(Fig. 4C). Their chlorophyll ﬂuorescence parameters measured at room
temperature are shown in Table 1, and no signiﬁcant differences for
these parameters were found. Therefore, MGlcDG is not essential for
thylakoid-membrane development and photosynthetic activity.
3.4. Changes in photosynthetic activity under heat-stress conditions
Previously, the amount of MGlcDG had been shown to increase when
Synechocystis was heat stressed, and this lipid was suggested to be in-
volved in the thermal stability of thylakoidmembranes [4]. To investigate
the effect of MGlcDG deﬁciency when WT Synechocystis and MGD1-CP
were heat stressed, we characterized their heat susceptibility as oxygen-evolving activity (Fig. 5). Without heat-shock, the photosynthetic activity
of WT was slightly higher than that of MGD1-CP at 38 °C, but they were
not largely different at temperature higher than 44 °C (Fig. 5A). To clarify
if the difference betweenWT and MGD1-CP õobserved at 38 °C is due to
Fig. 8. Effects of low temperatures on photoautotrophic growth of WT and MGD1-CP.
A. WT and MGD1-CP were inoculated at dilution ratios of one-, two-, and four-fold on
BG11-containing plates and grown at 30 °C (3 days), 22 °C (5 days), or 15 °C (9 days)
under ﬂuorescent white light at an intensity of ~30 μmol photons m−2 s−1. B. WT and
MGD1-CP were grown at 15 °C in BG11 medium under continuous ﬂuorescent white
light at an intensity of ~30 μmol photons m−2 s−1. The values represent the mean ± SD
of three biological replications.
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with WT grown in the glucose-containing medium (Fig. 5A, WT, +Glc).
Under the glucose-supplied growth conditions, the amount of MGlcDG
produced by WT was about three-fold greater than when glucose was
not present in the medium (Fig. 3). However, WT, +Glc showed lower
activity than WT at 38 °C and the lowest activity among three strains at
47 °C, suggesting that theMGlcDGamount has no correlationwith the ac-
tivity under these conditions (Fig. 5A). We also tested the thermotoler-
ance of the strains after heat-shock treatment under the conditions used
by Balogi and colleagues (42 °C, 3 h, under light) [4] (Fig. 5B). WT and
MGD1-CPhad similar thermotolerance under these conditions. Therefore,
we could conclude that MGlcDG is not essential for the thermotolerance
of the photosynthetic machinery in Synechocystis.
3.5. FA composition of galactolipids
In MGD1-CP, the FA compositions of galactolipids (MGDG and
digalactosyldiacylglycerol (DGDG)) slightly differed from those in WT
(Fig. 6). DGDG, the secondmajor lipid in cyanobacteria and chloroplasts,
is synthesized by transfer of a galactose moiety from UDP-galactose to
MGDG [28–31]. In MGDG and DGDG, the amounts of 18:3γ FA were
reduced ~30% and ~20%, respectively, in MGD1-CP compared with
those in WT (Fig. 6A and B). In MGD1-CP, fatty acid compositions of
sulfoquinovosyldiacylglycerol (SQDG) and PG were the same as WT
except increase in 18:3γ FA in SQDG (Fig. 6C and D). In MGlcDG in
WT, the amounts of 18:3γ FA were reduced compared with those in
MGDG (Fig. 6E). To clarify if the reduction of 18:3γ FA in galactolipids
was a consequence of desaturase expression or the relative availability
of the substrates, we assessed the expression level of desD, which en-
codes the Δ6 desaturase, in WT and MGD1-CP (Fig. 6F). Synechocystis
Δ6 desaturase catalyzes the desaturation of 18:2 FA to 18:3γ FA in
MGDG [32]. At 30 °C (0 h at 15 °C in Fig. 6F), MGD1-CP desD expression
was greater than WT, indicating that the reduction of 18:3γ FA in
MGD1-CP galactolipids was not caused by decreased desD expression.
Notably, MGDG containing 18:1 and/or 18:2 FAs is mainly produced
from MGlcDG. Therefore, an adequate supply of MGlcDG might be
required for the prompt desaturation of 18:2 to 18:3γ FA in MGDG.
3.6. Effect of low temperature
Changes in FA composition directly affect thylakoid membrane
ﬂuidity [33]. The ﬂuorescence anisotropy of DPH-labeled thylakoid
membranes isolated from WT and MGD1-CP grown at 30 °C were
therefore measured (Fig. 7). The ﬂuorescence anisotropy/membrane
ﬂuidity of the isolated thylakoid membranes from the two strains did
not differ signiﬁcantly.
Thus, we next characterized the growth of WT and MGD1-CP at
lower temperatures ≤30 °C (Fig. 8). When cultured on BG-11 medium
plates, the growth of MGD1-CP was dramatically impaired at 15 °C
compared with WT (Fig. 8A). After transfer to 15 °C, the mutant did
not grow until 48 h, but the growth rate after 48 h seemed to be slightly
increased compared with that before 48 h (Fig. 8B). Intriguingly, the
amounts of each class of membrane lipid from MGD1-CP exposed to
15 °C were the same with theWT, except for lack of MGlcDG and slight
increase in PG (Fig. 9A). Although the ratio of MGDG, DGDG and SQDG
in the total membrane lipids was not different between WT and
MGD1-CP (Fig. 9A), the FA compositions of those lipids from WT and
MGD1-CP differed (Fig. 9B–D). In MGDG and DGDG from MGD1-CP,
the amounts of 18:3γ FA were reduced compared with those fromWT
before transfer to 15 °C (15 °C, 0 h) as was also observed in Fig. 6A
and B. For both WT and MGD1-CP, the ratios of 18:3γ FA in MGDG
and DGDG gradually increased after transfer to the low temperature,
and the ratio of 18:3γ FA inMGD1-CPMGDG and DGDG became almost
the samewith theWT after 48 h at 15 °C (Fig. 9B and C). The amounts of
18:3α FAs in SQDGand PG forWT andMGD1-CPwere the same (Fig. 9D
and E). On the other hand, the ratio of 18:3γ FA in SQDG was higher inMGD1-CP than theWT at all conditions (Fig. 9D). The level of unsaturat-
ed fatty acids in the membrane lipids affects low-temperature sensitiv-
ity [34]. From these results, it was suggested that the low level of
unsaturated FA in two galactolipids at normal growth temperature
might affect initial adaptation to upcoming low-temperature, although
the level of unsaturation reaches to the similar level with WT after
prolonged growth under low temperature.4. Discussion
This is the ﬁrst report of an MGlcDG-deﬁcient mutant cyanobacteri-
um.We created thismutant by inserting theArabidopsisMGD1 gene and
disruptingmglcd in Synechocystis sp. PCC 6803. MGlcD is found in many
cyanobacteria, although a functional counterpart for a higher plantMGD
has never been identiﬁed in cyanobacteria [35]. Instead, MGlcD-
dependent MGDG synthesis is the pathway used by cyanobacteria [3].
However, why the two-step pathway forMGDG synthesis and existence
Fig. 9.Effect of low temperature onmembrane-lipid composition inWTandMGD1-CP. A. Lipid compositions ofWT andMGD1-CP cells. Cellswere initially grownunder normal conditions.
Then the cells were kept at 30 °C (WT and MGD1-CP) or exposed to 15 °C for 12 h, 24 h, or 48 h. The values represent the mean ± SD of three independent experiments. DGDG,
digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol. B–E. Fatty acid compositions of WT and MGD1-CP membrane lipids. B. MGDG, C. DGDG,
D. SQDG and E. PG. Cells were grown as same as described in A. The values represent the mean ± SD of three independent experiments. *, P b 0.01, Student's t-test.
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species has not been elucidated.
Growth of the MGlcDG-deﬁcient strain, MGD1-CP, was the same as
that of WT Synechocystis under normal growth conditions, indicating
that Synechocystis does not require MGlcDG for normal growth when
MGDG is fully supplied by a different pathway (Fig. 4A). We could not
isolate a Δmglcdmutant without ectopically introducing AtMGD1, sug-
gesting that MGlcDG is an essential precursor of MGDG biosynthesis
and no other pathways exist for MGDG synthesis in Synechocystis.
Moreover,MGDGprobably is essential for normal cyanobacteria growth
as it is for Arabidopsis [8], whereas MGlcDG is not essential for normal
growth or for photosynthesis (Fig. 4, Table 1).
Balogi and colleagues found that heat-shock at 42 °C for 3 h under
light enhanced the thermotolerance of thylakoid membranes in
Synechocystis and suggested that MGlcDG might be involved in this
thermotolerance [4]. Therefore, we compared the thermotolerances of
WT and MGD1-CP. Despite the lack of MGlcDG, however, MGD1-CP
and WT had the same photosynthetic thermotolerances after heat-
shock (Fig. 5B), which clearly showed that MGlcDG is not essential for
photosynthetic thermotolerance in Synechocystis at least under our
experimental conditions using glucose-tolerant strain of Synechocystis
sp. PCC 6803. Conversely, MGD1-CP grew dramatically slower at 15 °C
(Fig. 8). Cyanobacteria contain an increased amount of unsaturated
FAs at low temperatures, which should improve membrane ﬂuidity
[36]. Membrane ﬂuidity depends on the levels of unsaturated FAs in
membrane lipids [33], with membranes constructed from lipids withunsaturated FAs being more ﬂuid than those constructed from lipids
with saturated FA. Indeed, in Synechocystis, after a temperature shift
from 30 °C to 18 °C, the 18:3-FA content increases signiﬁcantly
[37,38]; in particular, the content of membrane MGDG containing
18:3γ FA and PG containing 18:3α FA increases. In MGD1-CP, the
amount of PG was relatively higher than that in WT at 30 °C and
lower temperatures (Figs. 3, 9A). Moreover, although the amount of
SQDG remained similar betweenWT and MGD1-CP, the 18:3γ-FA con-
tent in SQDG was higher in MGD1-CP than WT (Fig. 9D). The increased
levels of 18:3α FA-containing PG and molar ratio of 18:3γ FA in SQDG
could increase the low-temperature adaptation. However, our data
clearly showed that MGD1-CP was sensitive to low temperature
(Fig. 8), suggesting that increase in unsaturated FA in PG and SQDG in
MGD1-CP does not largely affect the cold adaptation possibly because
MGDG and DGDG are predominant membrane lipids which occupy
70 mol% of whole membrane lipids.
We found that MGlcDG inWT Synechocystiswas enriched with rela-
tively saturated FAs, e.g., 18:0, 18:1 and 18:2, even though MGlcDG is a
direct precursor of MGDG, which has a higher unsaturated FA content
(Fig. 6E). The differences in FA compositions ofMGDG andMGlcDG sug-
gested the following two possibilities: (1) 18:3-FA containing MGlcDG
is immediately converted to MGDG in the cell, and (2) desaturation of
18:0 and 18:1 FAs occurs in MGlcDG and further desaturation of 18:2
FA occurs in MGDG due to the substrate preference of desaturases as
also suggested by Sato andMurata inAnabaena [39]. Our results showed
that the amount of MGlcDG inWT immediately decreased after transfer
482 Y. Yuzawa et al. / Biochimica et Biophysica Acta 1841 (2014) 475–483of cells to the lower temperature (Fig. 9A), showing that MGlcDG was
immediately converted to MGDG at low temperature to promptly
adapt to cold stress. Thus, an MGlcDG deﬁciency might possibly cause
a decrease in 18:3γ FA-type galactolipids and MGD1-CP to be low-
temperature sensitive. In MGD1-CP, ratio of 18:3γ FA in MGDG and
DGDG was smaller than the WT at 30 °C but it reached the same level
as the WT after transfer of cells to low temperature (Fig. 9B and C). In-
deed, growth rate of MGD1-CP at 15 °C slightly increased after 48 h al-
though the rate was still signiﬁcantly slower than WT (Fig. 8B). These
results suggested that desaturation level of MGDG and DGDG when
transferred to low temperature could be important for initial adaptation
to low temperature.
The levels of desDmRNAwere similarly increased after transfer from
30 °C to 15 °C for bothWT and MGD1-CP, although the level in MGD1-
CP was initially greater than in WT before the transfer (Fig. 6F, 0 h).
Therefore, desD expression in MGD1-CP is probably properly regulated
in response to low temperature, and the decrease in the amounts of
18:3γ FAs in MGD1-CP might be resulted from the available pool of
18:2-containing MGDG for DesD. Although the amount of MGDG con-
taining 18:2 FAs was not decreased in the mutant compared with WT
as shown in Fig. 6A, it is possible that a pool size of MGDG containing
18:2 required for Vmax of DesD activity might be smaller in the mutant
than inWT due to lack of MGlcDG, which should serve as themost pref-
erable substrates for desaturases. Intriguingly, a higher desD expression
levelwas observed forMGD1-CP than forWT at 30 °C (Fig. 6F, 0 h), sug-
gesting that desD expression might be feedback regulated by a partial
change in membrane ﬂuidity which might not be reﬂected to the
whole membrane ﬂuidity (Fig. 7).
5. Conclusions
We complemented disruption of the cyanobacterial MGDG-synthesis
pathway with a higher-plant MGDG-synthesis pathway. The viability of
the mutant strain indicated that the plant-type MGDG synthesis is able
to substitute for cyanobacterialMGDGbiosynthesis under normal growth
condition, and thus MGlcDG is not essential for Synechocystis growth
undernormal condition. Themembrane lipid compositionwas similar be-
tween WT and the complemented mutant MGD1-CP except lack of
MGlcDG and an increase in the level of PG, but desaturation level of galac-
tolipids in MGD1-CP was smaller than that in WT. Thus, cyanobacterial
MGDG-synthesis pathway plays an important role for maintaining prop-
erly unsaturated FA level in galactolipids at normal growth conditions and
the proper unsaturation level of galactolipids might affect initial adapta-
tion of cells right after transfer to low temperature. The rolemight explain
why the MGlcDG-mediated MGDG synthesis pathway is well conserved
in cyanobacteria, which are often found in more extreme environments
than are higher plants.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbalip.2013.12.007.
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